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ABSTRACT ARTICLE HISTORY

The East Asian westerly jet (EAJ) plays a crucial role in affecting the East Asian summer rainfall Received 18 December 2019
(EASR). Therefore, evaluations of EAJ simulations are vital for improving the understanding and Revised 17 January 2020
projections of climate change in East Asia. This study evaluates the simulations of the climatology Accepted 19 January 2020
and interannual variability in the present-day summer EAJ in the CMIP6 models and compares the KEYWORDS

results with those in the CMIP5 models by analyzing the historical climate simulations of 29 CMIP6; model evaluation;
CMIP5 models and 21 CMIP6 models during the period from 1986-2005. In general, the CMIP6 East Asian westerly jet; East
models capture the EAJ more realistically than the CMIP5 models. The results show that the CMIP6 Asian summer rainfall
models reasonably capture the spatial features of the climatological zonal wind at 200 hPa and -

simulate a smaller zonal wind bias along the EAJ. The locations of the EAJ’s core are at the observed ?M%ﬁ’? BORIRE ST %
location in nearly all CMIP6 models but in only approximately two-thirds of the CMIP5 models. The WEi@m%/ﬁlﬁW/ﬁ
EAJ's intensity is closer to the observed value and exhibits a smaller intermodel dispersion in the E ok _r )
CMIP6 models. The CMIP6 models also show an improved ability to reproduce the interannual

variability in the EAJ’s meridional displacement and have a stronger relationship with the EASR.
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1. Introduction reported that some individual models can generally
capture the spatial structure of climatological summer
EAJ (Song and Zhou 2013; Du, Bao, and Xie 2017; Zhao et
al. 2018) and its interannual relationship to the EASR (Lu
and Fu 2010). However, by analyzing the output of the
Community Climate Model Version 3, Zhang and Guo
(2005) found a large bias in the simulated intensity and
location of the EAJ, which caused unreasonable manxi-
mum precipitation to be simulated over East Asia.
Moreover, large intermodel discrepancy exists among
the individual models in representing the observed EAJ.
Based on 14 CMIP5 models, Huang et al. (2013) reported
that large differences existed in both the intensity and
location of the simulated EAJ, which contributed to the

The East Asian westerly jet (EAJ) in the upper troposphere
is an important component of the East Asian summer
(June-July-August) monsoon. The EAJ is located north
of the East Asian subtropical rainy belt, and its intensity
and location significantly affect the East Asian summer
rainfall (EASR) (Lu 2004; Xuan, Zhang, and Sun 2011).
Therefore, evaluations of the current EAJ simulations by
coupled atmosphere-ocean general circulation models
(AOGCMs) are vital to improve the understanding and
projecting climate change in East Asia.

Several studies have evaluated the ability of models
to represent the observed EAJ climatology, location,
intensity, and interannual variability. It has been
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uncertainty in the simulation of the EASR. Ma, Xu, and
Lin (2015) also showed substantial meridional position
biases for the EAJ among 20 CMIP5 models, although the
multimodel ensemble (MME) was able to present a very
realistic EAJ. Recently, Lin, Fu, and Lu (2019) also noted
that the CMIP5 models exhibited large discrepancies in
the longitudinal locations of the core of the EAJ.

The CMIP6 has been carried out on a new set of
coordinated climate model experiments using a new
generation of AOGCMs (Eyring et al. 2016). Compared
to the earlier versions of AOGCMs used in the CMIP5, the
CMIP6 models have been improved in many aspects,
such as higher resolutions in the atmosphere and
ocean, an improved representation of physics (e.g. Wu
et al. 2019), and improved representation of aerosols (e.
g. Wyser et al. 2019). Therefore, the output data provide
an opportunity to estimate the abilities of these new
AOGCMs to simulate the EAJ, which is the motivation
for the present study.

In this study, we evaluate the abilities of the CMIP6
models to simulate the summer EAJ and attempt to deter-
mine whether they exhibit improvements in comparison
with the CMIP5 models. The rest of the paper is organized
as follows: Section 2 describes the data and methods;
Section 3 displays the simulation of the EAJ in the CMIP6
models and the comparisons with the simulations in the
CMIP5 models. The conclusions are provided in Section 4.
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2. Data and methods

The outputs of 29 CMIP5 models (1850-2005) and 21
CMIP6 models (1850-2014) were downloaded for their
historical climate simulations. Only one realization of the
ensembiles is selected for each model. Table 1 lists the
key information about the models. For the observations,
the National Center for Environmental Prediction (NCEP)
reanalysis data (Kalnay et al. 1996) and Global
Precipitation Climatology Project (GPCP) precipitation
data (Adler et al. 2003) were used in this study.

The simulation results from 1986-2005 were used to
depict the present-day climate to ensure that the times
for the observations and CMIP5 and CMIP6 model out-
puts were consistent. The climatology was calculated as
the 20-year mean. Additionally, all simulations were
interpolated onto a common 2.5° x 2.5° grid by bilinear
interpolation to enable the MME analyses. The MME
result was obtained by simply averaging the outputs of
the individual models with equivalent weights. The cor-
relations and regressions were first calculated for each
model, and then the MME was created. The interannual
standard deviation was used to depict the intensity of
interannual variability. The interannual variability com-
ponent was obtained by applying a nine-year Gaussian
filter to the detrended data. The methodologies are all
the same as those in Lu and Fu (2010).

Table 1. Basic information of the CMIP5 and CMIP6 models used in this study.

CMIP5 models CMIP6 models

Model ID Affiliation and country Resolution Model ID Affiliation and country Resolution
1 BCC-CSM1-1 BCC, China 128 x 64 BCC-CSM2-MR BCC, China 320 x 160
2 BCC-CSM1-1-m BCC, China 128 x 64 BCC-ESM1 BCC, China 128 x 64
3 BNU-ESM GCESS, China 128 x 64 CAMS-CSM1-0 CAMS, China 320 x 160
4 CESM1-CAM5 NCAR, USA 288 x 192 CanESM5 CCCma, Canada 128 x 64
5 CCSM4 NCAR, USA 288 x 192 CESM2 NCAR, USA 288 x 192
6 CanESM2 CCCma, Canada 128 x 64 CESM2-WACCM NCAR, USA 288 x 192
7 CNRM-CM5 CNRM-CERFACS, France 256 x 128 CNRM-CMé6-1 CNRM-CERFACS, France 256 x 128
8 CSIRO-Mk3-6-0 CSIRO-QCCCE, Australia 192 x 96 CNRM-ESM2-1 CNRM-CERFACS, France 256 x 128
9 FGOALS-g2 IAP, China 128 x 60 FGOALS-g3 IAP, China 180 x 80
10 FGOALS-s2 IAP, China 128 x 60 GFDL-ESM4 NOAA GFDL, USA 288 x 180
1" FIO-ESM FIO, China 128 x 64 HadGEM3-GC31-LL MOHC, UK 192 x 144
12 GFDL-CM3 NOAA GFDL, USA 144 x 90 IPSL-CM6A-LR IPSL, France 144 x 143
13 GFDL-ESM2 G NOAA GFDL, USA 144 x 90 MCM-UA-1-0 UA, USA 96 x 80
14 GFDL-ESM2 M NOAA GFDL, USA 144 x 90 MIROC-ES2 L MIROC, Japan 128 x 64
15 GISS-E2-H NASA GISS, USA 144 x 90 MIROC6 MIROC, Japan 256 x 128
16 GISS-E2-R NASA GISS, USA 144 x 90 MPI-ESM1-2-HR MPI-M, Germany 384 x 192
17 HadGEM2-AO MOHC, UK 192 x 145 MRI-ESM2-0 MRI, Japan 320 x 160
18 HadGEM2-CC MOHC, UK 192 x 145 NESM3 NUIST, China 192 x 96
19 HadGEM2-ES MOHC, UK 192 x 145 NorCPM1 NCC, Norway 144 x 96
20 IPSL-CM5A-LR IPSL, France 96 x 96 NorESM2-LM NCC, Norway 144 x 96
21 IPSL-CM5A-MR IPSL, France 144 x 143 UKESM1-0-LL MOHC, UK 192 x 144
22 MIROC-ESM-CHEM MIROC, Japan 128 x 64
23 MIROC-ESM MIROC, Japan 128 x 64
24 MIROC5 MIROC, Japan 256 x 128
25 MPI-ESM-LR MPI-M, Germany 192 x 96
26 MPI-ESM-MR MPI-M, Germany 192 x 96
27 MRI-CGCM3 MRI, Japan 320 x 160
28 NorESM1-ME NCC, Norway 144 x 96
29 NorESM1-M NCC, Norway 144 x 96
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3. Results

3.1 Simulation of the zonal wind at 200 hPa over
East Asia

Figure 1 shows the summer mean zonal winds at 200
hPa (U200) in the observations, CMIP6 MME, and 21
CMIP6 models averaged over 1986-2005. In the observa-
tions, a strong westerly jet prevails at midlatitude over
Asia, with the maximum speed exceeding 25.0 m s
along the EAJ's axis at approximately 40°N, and a rela-
tively weak core appears over Japan. The spatial pattern
of U200 in the CMIP6 MME result bears high similarity to
the observations, but the intensity is slightly weaker. The
results also show that almost all CMIP6 models simulate
the observed summer U200 reasonably well, except for
several models (e.g. CNRM-CM6-1, CNRM-ESM2-1, and

IPSL-CM6A-LR) that decelerate the zonal wind speed
along the EAJ. The results suggest that the CMIP6 mod-
els generally capture the basic spatial features of the
climatological U200.

The agreement between the observed U200 and that
simulated in the CMIP6 models over (20°-60°N, 60°-180°E)
during the period from 1986-2005 is further evaluated
with a Taylor diagram (Figure 2(a)) (Taylor 2001). The
diagram shows that almost all CMIP6 models can suffi-
ciently reproduce the observed characteristics of the sum-
mer U200. With the exception of one model (MCM-UA-1-
0), all models have correlation coefficients with the obser-
vation larger than 0.9, normalized standard deviations
between 0.75 and 1.25, and root-mean-square errors less
than 0.5. In comparison with the results of the CMIP5
models, which are the same as those presented by Fu
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Figure 1. The summer mean U200 in NCEP reanalysis, the CMIP6 MME, and the individual models averaged over 1986-2005. Shading

depicts region with U200 exceeding 25 m s™". Units: m s™".
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(a) Taylor Diagram of U200
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Figure 2. (a) Taylor diagram of U200 over (20°-60°N, 60°-180°E) between the NCEP Reanalysis data and CMIP5 (blue) and CMIP6 (red)
model outputs during the period of 1986-2005. The solid line indicates the root-mean-square error; the dashed line indicates the
normalized standard deviation; the dot line indicates the correlation coefficient of 0.6 and 0.9. (b) The CMIP5 MME summer U200 bias
(shading) and the inter-model standard deviation of biases (contour lines). Units: m s7'. () As in (b), but for the CMIP6 MME.
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and Guo (2020, Figure 1), the CMIP6 models are more
centralized and closer to the observations, especially for
the correlation coefficients. The smaller intermodel
spread suggests a notable improvement in the U200
simulations by the CMIP6 models.

Furthermore, the CMIP6 models simulate smaller
biases of U200 than the CMIP5 models (Figure 2(b,c)).
The biases of U200 are characterized by a ‘positive-
negative—positive’ tripole pattern, which is depicted by
the shading in Figure 2(b), from south to north in the
CMIP5 MME, which is similar to the results of Ma, Xu, and
Lin (2015). The maximum and minimum biases are
approximately 4.0 and —3.0 m s™', respectively. The
biases in the CMIP6 MME show a similar pattern to that
in the CMIP5 MME (Figure 2(c)). However, the biases are
weaker to the south of 50°N along the EAJ's axis and on
its southern side, with maximum and minimum biases of
approximately 2.0 and —2.0 m s, respectively, but the
biases are larger to the north of 50°N on the northern
side of the EAJ, with a maximum bias of approximately
40ms™! (Figure 2(c)). Considering that the main body of
the EAJ is located between 30°N and 50°N, the results

suggest that the CMIP6 models represent the EAJ more
realistically and with less bias.

Moreover, the intermodel spread of the U200 biases,
which are depicted by the contours in Figure 2(b,c), in
the CMIP6 models is smaller than that in the CMIP5
models. The standard deviation decreases by approxi-
mately 2.0 m s' in the CMIP6 models, especially along
the EAJ's axis region, in comparison with that in the
CMIP5 models.

3.2 Simulation of the location and intensity of the
EAJ

Figure 3(a) shows the climatological locations of the EAJ's
core in the NCEP reanalysis data and CMIP5 models. The
EAJ's core is defined as the location with the maximum
U200 in the domain (20°-60°N, 60°-180°E), according to
Lin, Fu, and Lu (2019). In the NCEP reanalysis data, the
EAJ's core is located at (40°N, 90°E). However, there is
uncertainty among the different reanalysis/observation
datasets. For example, the location of the western Pacific
subtropical high differs by approximately one degree in
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Figure 3. (a) Climatological locations of the summer EAJ's core in 29 CMIP5 models (red triangles), the MME (blue multiplication sign),
and the observation (blue cross), where U200 is maximum over the domain (20°-60°N, 60°-180°E). Sizes of triangles depict numbers of
models. (b) As in (a), but for the CMIP6 models. (c) Boxplot of EAJ-intensity indices. Black line in box indicates the median, the black
multiplication sign indicates the MME, and black dots indicate the individual models. The observed value in the NCEP reanalysis is

given in top-right corner. Units: m s™".
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Figure 4. (a) Boxplot of the interannual variability in EAJ's meridional displacement, which is depicted by standard deviation, in the
CMIP5 and CMIP6 models, respectively (Units: m s™). Black line in box indicates the median, the black multiplication sign indicates the
MME, and black dots indicate the individual models. The observed value is given in top-right corner. (b) The summer precipitation
regressed onto the standardized EAJ meridional displacement index in the observation (Units: mm d™'). The contour lines indicate the
regression coefficient, with the interval being 0.2, and the values significant at the 0.05 level are shaded (yellow, negative; blue,
positive). The parallelogram indicates the region used to define the EASRI. (c) As in (b), but for the CMIP5 MME. (d) As in (b), but for the
CMIP6 MME. (e) As in (a), but for the correlation coefficients between the EAJ meridional displacement index and the EASRI.

latitude among the reanalysis datasets (He and Zhou
2015), and the uncertainty of the rainfall among the
observational datasets is even greater than the intermo-
del spread in some cases (Collins et al. 2013). Therefore,
we also determine the location of the EAJ’s core using the
ERA-Interim reanalysis (Dee et al. 2011). In the ERA-Interim
reanalysis, the EAJ’s core is also located at (40°N, 90°E),
which is the same as that in the NCEP reanalysis.

Similar to the results by Lin, Fu, and Lu (2019), the
location of the EAJ's core is extremely variable among
the 29 CMIP5 models (Figure 3(a)). Only approximately
two-thirds (21 in 29) of the CMIP5 models capture the
longitudinal location across the domain of 80°-100°E,
which is close to the observed longitudinal location at
90°E, despite the similarity between the MME and the
observations. For the remaining one-third of the
CMIP5 models, the EAJs core is located at

approximately 60°E over Asia in three models and to
the east of 120°E over the western North Pacific in five
models, all being far away from the observed location.
However, the longitudinal locations of the EAJ in the
CMIP6 MME and nearly all CMIP6 models are within
the domain of 80°-100°E, which are almost at the
same location as the observations (Figure 3(b)). In
addition, the CMIP6 models also simulate the latitudi-
nal locations of the EAJ's core more reasonably than
the CMIP5 models. We then conclude that the CMIP6
models perform better than the CMIP5 models in
representing the locations of the EAJ's core.

To facilitate the quantitative estimation of the abil-
ities of models to simulate the EAJ intensity, the EAJ
intensity index was defined by the mean U200 aver-
aged over its core region (30°-50°N, 70°-120°E) for the
period from 1986-2005, which is similar to the
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definition used by Fu and Guo (2020). Figure 3(c) shows
the boxplot of the EAJ intensity index in the CMIP5 and
CMIP6 models. Clearly, the CMIP6 models exhibit smal-
ler dispersion in the EAJ's intensity than exhibited by
the CMIP5 models. The intensity ranges from approxi-
mately 15.5 to 245 m s in the CMIP5 models, while it
ranges from approximately 19.2 to 240 m s™' in the
CMIP6 models (except for one outlier, MCM-UA-1-0),
which is closer to the observed value (approximately
21.9 m s™' in the NCEP reanalysis and 22.0 m s™' in the
ERA reanalysis). Moreover, the CMIP6 models simulate
stronger intensities than the CMIP5 models, with the
median and MME values of the CMIP6 models being
approximately 22.1 and 219 m s' compared with
values of approximately 21.2 and 20.7 m s ' in the
CMIP5 models, respectively. Additionally, between the
25th and 75th quartiles, the EAJ's intensity ranges from
approximately 18.9 to 224 m s~ in the CMIP5 models,
but the spread decreases from approximately 21.0 to
236 m s~ in the CMIP6 models.

3.3 Simulation of the interannual variability in the
EAJ and relation to the EASR

Lin and Lu (2005) showed that meridional displacement
of the EAJ dominates the year-to-year variations in U200
over East Asia. As mentioned before, the interannual
meridional displacement of the EAJ directly affects the
EASR (Lu 2004). According to Lu (2004), the meridional
displacement index is defined by the difference between
the U200 averaged over (30°-40°N, 120°-150°E) and
(40°-50°N, 120°-150°E). A positive (negative) meridional
displacement index indicates a southward (northward)
displacement of the EAJ. Figure 4(a) shows the interann-
ual variability in the EAJ's meridional displacement simu-
lated in the CMIP5 and CMIP6 models. The interannual
variability in the EAJ in the CMIP6 models is closer to the
observed value, and its intermodel spread is smaller. This
value ranges from approximately 2.2 to 5.3 m s™' in the
CMIP5 models but from approximately 2.8to 44ms™' in
the CMIP6 models (except for one outlier, NorCPM1).
Moreover, the median and MME values are approxi-
mately 3.2 and 3.4 m s~' in the CMIP5 models, respec-
tively, while these values increase to approximately 3.3
and 3.5 m s~ in the CMIP6 models, which are closer to
the observed value (3.5 m s™).

The improved interannual variability in the EAJ's mer-
idional displacement slightly improves the related summer
rainfall over East Asia in the MME results. Figure 4(b-d)
shows the summer precipitation regressed onto the nor-
malized EAJ meridional displacement index in the observa-
tions, CMIP5 MME, and CMIP6 MME. In the observations, a
southward shift of the EAJ corresponds to more

precipitation along the East Asian rain belt and less pre-
Cipitation in north and northeast China (Figure 4(b)), which
is consistent with previous results (Lu and Fu 2010). The
MMEs of both CMIP5 and CMIP6 basically reproduce the
observed EAJ-related precipitation anomalies, although the
simulated precipitation anomalies are relatively weaker
than the observations (Figure 4(c,d)). However, the positive
and negative rainfall anomalies in the CMIP6 MME are
more significant and stronger than those in the
CMIP5 MME.

This improved relationship can be quantitatively verified
by the boxplots of the correlation coefficient between the
EAJ meridional displacement index and the EASR index
(EASRI). The EASRI is defined as the summer precipitation
averaged over the parallelogram region determined by the
following points: (25°N, 100°E), (35°N, 100°E), (30°N, 160°E),
and (40°N, 160°E) to mimic the East Asian summer rainband
and is identical to that in Lu and Fu (2010). Except for the
outliers, the EAJ-EASR correlation coefficient ranges from
0.1 to 0.8 in the CMIP5 models, while it increases to 0.2 to
0.9 in the CMIP6 models, although the relationships in the
CMIP6 median and MME are relatively weaker. However,
there is still a large discrepancy between the individual
CMIP6 models. In addition, the relationships are statistically
significant at the 0.05 level in approximately three-quarters
of both the CMIP5 and CMIP6 models.

4. Conclusions

This study evaluates the simulation of the climatology and
interannual variability in the present-day EAJ in the CMIP6
models and compares the results with those in the CMIP5
models using the historical climate simulations of 29 CMIP5
models and 21 CMIP6 models during the period from
1986-2005.

Almost all CMIP6 models were found to reasonably
capture the observed climatological U200 spatial fea-
tures, with higher correlation coefficients and lower
root-mean-square errors with the observations com-
pared to those in the CMIP5 models. The CMIP6 models
simulate a smaller bias for U200 and exhibit a smaller
intermodel dispersion of the bias than the CMIP5 mod-
els. In addition, the climatological longitudinal and lati-
tudinal locations of the EAJ’s core are almost at the same
location as the observations (40°N, 80°-100°E) in nearly
all CMIP6 models; however, only approximately two-
thirds of the CMIP5 models reproduce the observed
longitudinal locations between 80°E and 100°E. The
simulated intensity of the EAJ in the CMIP6 models is
stronger and closer to the observations and has a smaller
intermodel spread than the CMIP5 models.

The CMIP6 models improve the simulation of inter-
annual variability in EAJ’s meridional displacement, with



stronger standard deviations that are close to the obser-
vations and have a smaller intermodel spread. In the
meantime, the EAJ's meridional displacement-related
rainfall anomalies are more significant and stronger in
the CMIP6 MME than those in the CMIP5 MME. The
CMIP6 models simulate a relatively stronger relationship
with the EASR, although intermodel dispersion remained
in the EAJ-EASR relationship.

The present study shows the improvements in the
simulation of the EAJ in the CMIP6 models, with an
improved description of the intensity and longitudinal
location as well as reduced uncertainty. The improvements
are likely induced by the improved AOGCM:s in the CMIP6,
for example, the higher resolutions in the atmosphere and
ocean, improved representations of physical processes
(Wu et al. 2019) and improved representation of aerosols
(Wyser et al. 2019). However, how the changes in the
AOGCMs improve the simulation of the EAJ in the CMIP6
models is unclear. This phenomenon is beyond the scope
of this study and requests further study in the future.
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